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Photoluminescence characterization of GaAs quantum well laser structure 
with AIAs/GaAs superlattices waveguide 

M. L. Dotor, M. Recio, D. Golmayo, and F. Briones 
Cents National de Microelectrbnica (CSIC), Serrano 144, 28006 Madrid, Spain 

(Received 16 January 1992; accepted for publication 4 September 1992) 

Dependence on the excitation power and temperature of the photoluminescence emission of 
GaAs quantum well laser structures using GaAs/AlAs superlattices in the waveguide is 
reported. The effects related to a quality reduction due to the presence of a thick ternary 
AlGaAs cladding layer in the bottom of the laser structure were elucidated by comparing to the 
photoluminescence of a similar waveguide structure, except for the AlGaAs bottom layer. The 
excitation power dependence shows the strong excitonic origin of the light emission in the 
temperature range 4-300 K in both structures. Carrier transport mechanisms through the 
superlattices is analyzed from the evolution of the photoluminescence of the quantum well and 
the superlattice confining layers; a structure dependent transparency temperature is defined, at 
which transport changes from tunneling assisted to extended minibands regime. The value of 
this parameter depends on the localized states in the superlattice minibands, caused by interface 
roughness. 

I. INTRODUCTION 

The original structure of graded index separate con- 
finement heterostructure single quantum well (GRIN- 
SCH-SQW) lasers’ is at present undergoing continuous 
modifications, with the aim of improving both its crystal- 
line structural perfection and its optical performance. The 
introduction of GaAs/AlGaAs (or GaAs/AlAs) superlat- 
tices in different parts of the laser structure has been the 
fows of great interest. It has been shown2’3 that the intro- 
duction of a GaAs/AlAs superlattice buffer layer embed- 
ded at different depths between the GaAs substrate and the 
active layers clearly improves the device performance at 
the active region, in terms of lower threshold currents and 
higher quantum efficiency. All binary (AlAs)/( GaAs) 
short-period superlattices have been used to synthesize the 
cladding layer and optical cavity4” of a GRIN-SCH-SQW 
laser. Also, these superlattices have been used6 for the 
waveguide in the same type of laser. 

The origin of the improvements promoted by the in- 
troduction of the superlattices are linked to either a reduc- 
tion of impurity flow coming from the thick AlGaAs layer 
growth front, or to a higher interface abruptness at the 
active region.7*8 However, to our knowledge, there is not 
any detailed study of the transport mechanisms and recom- 
bination processes of these laser structures, which could be 
due to the introduction of superlattices. 

We present in this work a detailed analysis of the pho- 
toluminescence (PL) emission from laser structures with 
GaAs/AlAs superlattices in the waveguide in order to gain 
deeper insight into the recombination and carrier transfer 
processes of these laser structures. 

Experimental conditions are described in Sec. II. Sec- 
tion III is devoted to a detailed analysis of the photolumi- 
nescence (PL) emission and its dependence with temper- 
ature and excitation power. In Sec. III A the excitation 
power dependence of the QW related PL signal is studied 

in order to distinguish excitonic versus free carrier recom- 
bination in the structures. In Sec. III B, we analyze the 
temperature dependence of the QW and SLs luminescence 
peak energies. The evolution of the intensity of the different 
peaks as a function of the temperature, is studied in Sec. 
III C to elucidate the transport mechanisms. Finally, in 
Sec. III D we study the different effects that contribute to 
the linewidth of the QW peak in the range 4-300 K. 

II. EXPERIMENT 

GRIN-SCH-SQW GaAs laser structures were grown 
by MBE on (001) Si-doped GaAs substrates. The wave- 
guide is a GRIN structure consisting in all binary 
(AlAs) ,/( GaAs) ,, superlattices of constant AlAs barrier 
layer thickness m = 5 monolayers (ML), and graded GaAs 
layer thickness n=5 ML (4 periods, SL3), n=7 ML (6 
periods, SL2), and n = 9 ML (25 periods, SLl ). Both the 
superlattice waveguide and the 110 A-thick GaAs active 
QW were undoped. Both A&,,Ga,,,As cladding layers are 
1.2 pm thick, n=2~ 1018 and p=2~ 1018 cmm3, respec- 
tively [structure A, Fig. 1 (a)]. We have studied compara- 
tively a GRIN structure without the alloy cladding layers, 
grown under the same experimental conditions, in order to 
discriminate the effects due to the thick AlGaAs barriers 
[structure B, Fig. 1 (b)]. This GRIN structure has thicker 
(3 10 periods) SL3 top superlattice in order to have enough 
material thickness for absorbing the radiation to yield sig- 
nificant emission intensity even at room temperature. 4O- 
pm-wide broad area lasers were fabricated. Typical Jth val- 
ues for a 4OOym-long laser are 420 A/cm2, comparable to 
those obtained by Tokuda et a1.,6 with temperature char- 
acteristic To=300 K in the temperature range 240-300 K 
and anomalous higher values (500 K) at lower tempera- 
tures. 

In order to make PL measurements, the samples were 
mounted in a variable temperature cryostat, and the tem- 
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FIG. 1. (a) Schematic diagram of the laser structure or structure A. (b) 
Schematic diagram of the GRIN structure or structure B. 
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perature varied in the range 4-300 K. Excitation light was 
the 488.0 nm line of an Arf laser (with energy above the 
band gaps of the Ale7Gae3As and the SLs). The emission 
was dispersed by a 0.8 m double monochromator and 
finally detected by a cooled GaAs photomultiplier. 

Ill. PHOTOLUMINESCENCE RESULTS AND 
DISCUSSION 

PL spectra from structures A and B, in the range 4- 
300 K are shown in Figs. 2(a) and 2(b). According to the 
energy position, the well widths are 110 and 85 A for 
samples A and B, respectively.9 

At low temperatures (13 and 17 K) the GRIN con- 
stituent SLs are observed (labeled SLl, SL2, and SL3 in 
Figs. 2(a) and 2(b) ) as well as the QW. The relative in- 
tensity of the three superlattice peaks can be directly re- 
lated to their respective thicknesses in both samples. In 
structure A, the emission from the thick Alc.7Gae3As clad- 
ding layer is observed at very low temperatures ( 13 K), 
and rapidly disappears with increasing temperature. It can 
be noticed that in this A structure the SLl peak remains 
intense even at room temperature. 

In structure B, a double peak can be observed in the 
QW emission, separated 22 meV in energy. The origin of 
the high-energy contribution comes from recombinations 
involving the light-hole (LH) band and the main QW peak 
is linked to the heavy-hole (HH) band. The 22 meV en- 
ergy difference are in agreement with the theoretically ex- 
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FIG. 2. (a) Photoluminescence spectra of structure A at different temperatures. (b) Photoluminescence spectra from structure B at different temper- 
atures. 
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TABLE I. Values of o vs temperature for the structure A and structure 
B (a is given by the expression dF/dto: Pa, where dF/dt is the number of 
photon per time unit and P the excitation power). 

& Structure A 

4 1.17 
25 1.13 
70 . . . 
90 1.08 

170 1.20 
245 1.23 
300 1.20 

Structure B 

. . . 

. . . 
1.21 
. . . 

1.23 
1.41 
1.42 

petted results.’ However, the HH and LH contributions 
cannot be resolved in structure type A due to its larger QW 
linewidth. 

A. Excitation power dependence 

A simple way to analyze the origin of the PL emission 
from undoped semiconductor structures, is to study the 
evolution of its excitation power dependence. Following 
the model of Fouquet ef a1.,” which describes the time 
dependence of electron and hole populations in an undoped 
semiconductor, the number of emitted photons per time 
unit after an excitation (dF/dt) is proportional to P”, be- 
ing P the excitation power and a the slope in a logarithmic 
plot of dF/dt vs P, a will give information on the recom- 
bination processes at each temperature. For a= 1 the re- 
combination processes are purely excitonic, while a = 2 in- 
dicates that free carrier recombination processes are 
dominant. 

We have performed the corresponding PL experiments 
and measured the integrated intensity of the QW PL peak 
as a function of the excitation power in a range of three 
orders of magnitude of P. The values of a for both struc- 
tures are displayed in Table I. The values are close to a = 1, 
in the whole 4-300 K temperature, therefore, excitonic 
recombination processes remain are dominant in both 
structures, even at room temperature. Similar results have 
been obtained from excitonic absorption11*12 and time re- 
solved PL experiments’3 in GaAs-AlGaAs multiple QW 
structures with well widths ranging from 50 to 150 A. 

B. Energy shift of the photoluminescence peaks with 
the temperature 

The transition energy of the QW and SLl versus tem- 
perature is plotted in Fig. 3 in the range 4-300 K for both 
structures. The SLl peak remained appreciable up to room 
temperature only in structure A. SLl is a (GaAs)s/ 
(AlAs), superlattice; its 4 K fundamental band gap, ob- 
served in PL, is type II (pseudoindirect);i4 as the temper- 
ature is raised up to 100 K, the type I (direct) transition 
approaches and, eventually, equals the type II transition, 
and will dominate at higher temperature.” The low inten- 
sity emission of SL2 and SL3 do not allow us to follow 
their temperature evolution. 

We have represented in Fig. 3, for comparison, the 
band-gap temperature evolution of bulk GaAs, which has 
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FIG. 3. Transition energy vs temperature: (a) Corresponding to the 
quantum well (QW) and the superlattice (SLI) of structure A, (b) 
corresponding to the quantum well of structure B. 

been fitted to the experimental QW curves in the high en- 
ergy temperature range. In both A and B structures, the 
QW fundamental transition closely follows the bulk GaAs 
curve down to 100 K. Below this temperature it deviates 
from the GaAs plot, remaining nearly constant in the 4- 
100 K range. Two possible explanations could be argued 
for this behavior: (a) The recombination slowly changes 
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from excitonic to free carrier type in the range 4-100 K 
and the shift amounts the exciton binding energy,” and 
(b) the change takes place from bound exciton to free 
exciton states in the range 4-100 K, shifting the PL peak 
an amount equivalent to the exciton-defect binding en- 
ergy.16 The observed Stokes shift in both structures is in 
the order 3-5 meV, which is much smaller than the ex- 
pected QW exciton binding energy (9-l 3 meV) .I7 Results 
obtained by Delalande et al. ‘* and Zucker et al. I9 on stud- 
ies of the exciton trapping effects in QW, demonstrate that 
the traps involved have their origin in interface defects and 
a typical exciton binding energy on these defects lies in the 
2-5 meV range, in agreement with our experimental Stokes 
shift at 4 K. Therefore, we conclude that the temperature 
evolution of our samples, according to the hypothesis (b), 
indicated that at temperatures above 100 K the QW peak 
originates from free exciton recombinations and below that 
temperature excitons trapped to interface defects represent 
an important contribution to the overall recombination 
process. This result is consistent with the excitation power 
dependence of the QW PL intensity exposed in Sec. III A. 

STRUCTURE B 

160- 

: 120- 
ul 

. 

2 80- 

As shown in Fig. 3(a), the QW peak energy from 
structure A, undergoes a small blue shift of about 2 meV in 
the range 4-40 K. The origin of this observed blue shift can 
be interpreted as follows: Fluctuations of the QW width 
will produce an effective band-gap modulation in the di- 
rections parallel to the QW plane.” At low temperatures 
(4-40 K), the modulation related band-gap minima will 
act as active recombination sites, because photogenerated 
carriers will drift towards them as drift times are much 
smaller than radiative recombination times.21 As tempera- 
ture is raised, more carriers will be able to occupy states at 
higher energy in the band-gap modulation scheme and QW 
peak should broaden and shift towards higher energies. 
The shift will be approximately proportional to KT. This 
shift, described by Jiang et al.,” is not usually observed if 
the fluctuations are smaller than a single monolayer, due to 
the competitive red shift induced by the band-gap shrink- 
age with temperature. In this way, this result suggests that 
structure A, with an 1.28~,um-thick underlying 
Alc7Gae3As epitaxy, has fluctuations of the QW width 
higher than one monolayer; in structure B the blue shift is 
not observed, suggesting that well width fluctuations are 
smaller than a single monolayer. 

100 200 300 
temperature (K) 

FIG. 4. Ratio of the integrated luminescence intensity of the quantum 
well to the integrated luminescence intensity of the superlattice as a func- 
tion of temperature for structures A and B. 

C. Temperature dependence of the 
photoluminescence intensity 

tunneling-assistedz2 and the minibandz3 regimes. We will 
define a transparency temperature T, as the temperature at 
which transition between both regimes occurs. The trans- 
port in the tunneling-assisted regime takes place via local- 
ized states while in the miniband regime it takes places via 
Bloch states that are extended throughout the whole su- 
perlattice. The T, value in structure A (around 120 K) is 
higher than the one in structure B (around 40 K) . Accord- 
ing to recent results from Fujiwara et aL,24 this difference 
may be due to the fact that the composition of SLl is not 
exactly the same in both structures (the GaAs content of 
SLl in structure A is slightly larger than in structure B). 
Furthermore, fluctuations in the thickness of the SL layers, 
in their potential, or interface imperfections that will cause 
localization of the wave function in the superlattice.25-27 
This partial localization of carriers causes higher recombi- 
nation within the confining layers, thus diminishing injec- 
tion in the QW and limiting the transparency of the super- 
lattice. 

Figure 4 shows the dependence of the value of I(QW)/ The PL intensity corresponding to SLl in structure A 
I(SL) as a function of the temperature for structures A at high temperatures may be ascribed to high localization 
and B, I(QW) and I(SL) being the integrated intensities of excitons. This is not observed in the structure B. We 
of the QW and SLl peaks. As observed in Fig. 4, at low think this higher density of localized states in structure A 
temperatures, the ratio of intensities is very small; when a as compared to B is due to a lower superlattice quality, 
certain critical temperature is exceeded, this parameter in- caused by the growth of the 1.28~pm-thick Alo.7Gac3As 
creases rapidly, the slope in structure B being higher than layer. This can affect the characteristics of lasers such as 
the corresponding slope in structure A. This means that, in threshold current, causing it to be slightly higher than the 
structure B, the carriers (or excitons) are more efficiently conventional lasers constructed with ternary alloy wave- 
transferred through the GRIN into the QW than in struc- guide. Also, for the same lasers, the values of To are as high 
ture A. Two well-defined transport regimes can be deduced as 570 K for T ~240 K, due probably to the effect of no 
from the plot in the 4-300 K range. These are the total transparency of the confining superlattice. 
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FIG. 5. The halfwidth at half maximum (FWHM/2) of the quantum 
well photoluminescence peak as a function of temperature for structures 
AandB. 

D. Temperature dependence of the 
photoluminescence linewidth 

Dominant contributions to the linewidth of the QW 
excitonic peak are due to the exciton-crystalline lattice in- 
teraction via polar optical phonons and to the fluctuations 
of the QW thickness.t2,28*29 Also interactions with acousti- 
cal phonons, and ionized impurities have to be considered 
in the low temperature range ( T < 100 K). 

The spectral lineshape of the excitonic line in a QW 
structure can be fitted by a Gaussian curve with a broad- 
ening parameter I’, approximately equal to the half width 
at half maximum FWHM/2 of the PL peak.” The value of 
I can be decomposed, in a first approximation, into four 
different contributions: Interactions with acoustical pho- 
nons ( ILA), interactions with ionized impurities (I,), 
fluctuations of the confinement energies caused by well 
thickness variations (r,,) and interaction with LO pho- 
nons ( ILo). Consequently, the broadening parameter can 
be written as: l?=l?LA+rl+I’U+rLO. In the low- 
temperature range, the rLA term dominates over the ILo 
term, and the reason for it is that the LA phonon popula- 
tion goes linearly with temperature while LO phonon scat- 
tering increases with temperature as follows: ILO=rfo/ 
[exp(fiW&KT) - I], and is negligible at low 
temperatures. The opposite reasoning holds for the high- 
temperature range. 

Consistent with this scheme, and assuming that for a 
low density of residual impurities the term I1 becomes 

5865 J. Appl. Phys., Vol. 72, No. 12, 15 December 1992 

negligible, at low temperatures ( T < 100 K) the rLA and 
Iar. terms dominate in I and, as the temperature is raised, 
ILo and lYhL will be the only important contributions. 
Moreover, according to previous results in QW struc- 
tures,29 the contribution of the LA phonon scattering to I 
at 4 K is as small as 0.1 meV and, therefore, it can be stated 
that the I?(4 K) of the QW PL peak can provide a direct 
indication of the degree of thickness fluctuation in the well, 
that is, r(4 K) zITaL. 

In Fig. 5, we present the FWHM/2 of the QW PL 
peaks as a function of the temperature. At 4 K, the QW 
peak of structure B shows a FWHM/2 of 1.5 meV, origi- 
nated by a fluctuation of the potential well thickness of a 
magnitude smaller than a single monolayer. This result 
reflects the very high smoothness achieved at the QW in- 
terfaces of the structure. It is worth pointing out that in the 
interval 4-100 K the linewidth of the QW peak remains 
nearly constant, which indicates that even through the 
thermal energy (KT) is growing there are not available 
levels (induced by QW zones with different thicknesses) 
between the n = 1 and n = 2 sublevels. As the temperature 
is raised over 100 K the broadening due to LO-phonon 
scattering becomes significant and rapidly increases with T. 
The 7 meV value of the FWHM/2 at room temperature 
has the contribution of both rhl; and ILo. This value is 
slightly smaller than the exciton binding energy12*17 and it 
holds in the whole 4-300 K range, which confirms that 
excitonic states are not ionized and that it is possible to 
have predominantly excitonic recombination even at room 
temperature. 

Based on the results found in structure B, we study the 
QW peak linewidth in structure A. At 4 K, the FWHM/2 
of 5 meV indicates a larger interface roughness ( IhL) in 
the range between one and two monolayer fluctuation. As 
temperature is raised in the range 4-300 K, the QW peak 
continuously broadens achieving values of I?=23 meV at 
room temperature. In order to properly understand the 
magnitude of the I value, an extra contribution to the QW 
peak linewidth has to be added that was not present in 
structure B. The HH and LH related peaks, clearly re- 
solved in B, Fig. 2(b), contribute simultaneously to the 
QW peak in structure A because both contributions cannot 
be resolved. For the 110 A well in structure A, the energy 
difference between both transitions is 17 meV. Therefore, 
this extra broadening parameter, that we will note rHH-LH 
will play a fundamental role, together with the lYhL and 
ILo terms, and the weight of each one of the three terms in 
the total I’ value cannot be accurately obtained. 

IV. CONCLUSIONS 

The recombination and carrier transport processes in a 
SL-GRIN-SCH-SQW laser structure have been analyzed 
from its photoluminescence emission. The GRIN layers of 
these laser structures were fabricated with all binary AlAs/ 
GaAs short period superlattices. 

We have shown that radiative recombinations have 
strong excitonic origin, even at room temperature; a tran- 
sition from bound exciton to free exciton emission takes 
place for temperatures above 100 K. 
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We have observed a blue shift of about 2 meV in the 
range 4-44 K, in the PL emission of the laser structures. 
This shift is attributed to an effective band-gap modulation 
caused by fluctuations of the QW width, which we estimate 
to be on the order of two monolayers; in a similar struc- 
ture, but without the underlying ternary material, results 
imply submonolayer fluctuation for the QW width. 

Depending on the temperature, we have discriminated 
two regimes for the vertical transport through the super- 
lattices to the QW. At low temperature, carrier transport is 
tunneling assisted, via localized states, and when a trans- 
parency temperature is reached, transport occurs via ex- 
tended minibands. This transparency temperature depends 
on the superlattice composition and interface quality. The 
roughness of the thick ternary alloy underlying the wave- 
guide structure causes transparency to be reached at higher 
temperature, and this transparency is not total, as photo- 
luminescence from the SL is observed even at room tem- 
perature. These results indicate that flatness of this bottom 
layer is mandatory to get the expected improvement by 
using superlattices to synthesize the waveguide material of 
a SCH-QW laser. 

‘W. T. Tsang, Appl. Phys. Lett. 39, 134 (1981). 
*P. M. Petroff, R. C. Miller, A. C. Gossard, and W. Wiegmann, Appl. 

Phys. Len. 44, 212 (1984). 
‘T. Fujii, S. Hiyamizu, S. Yamakoshi, and T. Ishikawa, J. Vat. Sci. 
Technol. B 3, 776 (1985). 

‘J. R. Shealy, Appl. Phys. Lett. 50, 1634 (1987). 
‘P. Blood, E. D. Fletcher, and C. T. Foxon, Appl. Phys. Lett. 53, 299 

(1988). 
6Y. Tokuda, Y. N. Ohta, K. Fujiwara, and T. Nakayama, J. Appl. Phys. 

60, 2729 (1986). 
‘W. T. Masselink, Y. L. Sun, R. Fisher, T. J. Drummond, Y. C. Chauy, 

M. V. Klein, and H. Horkc, J. Vat. Sci. Technol. B 2, 117 ( 1984). 
*K. Fujiwara and K. Ploog, Appl. Phys. Lett. 45, 1222 (1984). 
9M. Recio, G. Armelles, J. Melendez, and F. Briones, J. Appl. Phys. 67, 

2044 (1990). 
“J. E. Fouquet and A. E. Siegman, Appl. Phys. Lett. 46, 282 ( 1985). 
“D. S. Chemla, D. Miller, P. Smith, A. C. Gossard, and W. Wiegman, 

IEEE J. Quantum Electron. QE-20, 265 ( 1984). 
*‘H Iwamura, H. Kobayashi, and H. Okamoto, Jpn. J. Appl. Phys. 23, 

L795 (1984). 
“E. H. Bottcher, K. Kettere, D. Bimberg, G. Weimann, and W. Schlapp, 

Appl. Phys. Lett. 50, 1074 (1987). 
“M. Recio, J. L. Castaiio, and F. Briones, Jpn. J. Appl. Phys. 27, 1204 

(1988). 
15M. Nakayama, I. Tanaka, I. Kimura, and H. Nishimura, Jpn. J. Appl. 

Phys. 29, 41 (1990). 
16G. Bastard, C. Delalande, M. H. Meynadier, P. M. Frijlink, and M. 

Voos, Phys. Rev. B 29, 7042 (1984). 
“R. L. Greene and K. K. Bajaj, Solid State Commun. 45, 831 (1983). 
‘*C Delalande, M. H. Meynadier, and M. Voos, Phys. Rev. B 31, 2497 

(i984). 
19J E Zucker, A. Pinczuk, D. S. Chemla, and A. C. Gossard, Phys. Rev. . . 

B 35, 2892 (1987). 
20D. S. Jiang, H. Jung, and K. Ploog, J. Appl. Phys. 64, 1371 (1988). 
*ID. van der Linde and R. Lambrich, Phys. Rev. Lett. 42, 1327 (1979). 
**S. K. Lyo, Phys. Rev. B 35, 8065 (1987). 
23 B Deveaud, J. Shah, T. C. Dameau, B. Lambert, and A. Regreny, Phys. 

Rev. Lett. 58, 2528 (1987). 
“K. Fujiwara, N. Tsukada, T. Nakayama, and A. Nakayama, Proceed- 

ings on the 19th Int. Conf. on the Physics of Semiconductors, Warsaw, 
Poland, 1988 edited by W. Zawadki (Institute of Physics, Polish Acad- 
emy of Sciences, Warsaw, 1988). 

*sP. W. Anderson, Phys. Rev. 109, 1492 ( 1958). 
26A. Cbomette, B. Deveaud, A. Regreny, and G. Bastard, Phys. Rev. 

Lett. 57, 1464 (1986). 
*‘E. Tuncel, L. Pavesi, D. Martin, and F. K. Reinhart, Phys. Rev. B 38, 

1597 (1988). 
2*D. S. Chemla, D. A. Miller, P. Smith, A. C. Gossard, and W. Wiieg- 

mann, IEEE J. Quantum Electron. QE-20, 265 ( 1984). 
29J. Lee, E. S. Kotcles, and M. 0. Vassel, Phys. Rev. B 33,5512 (1986). 

5666 J. Appl. Phys., Vol. 72, No. 12, 15 December 1992 Dotor et a/. 5866 

Downloaded 27 Jun 2012 to 161.111.180.103. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


